Background: Alcohol's reinforcement is mediated by dopamine signaling in the ventral striatum, which is modulated by the dopamine transporter (DAT). We hypothesized that methylomic variation in the DAT gene (DAT1/SLC6A3) affects DAT expression, thus contributing to differences in brain reward circuitry in individuals with alcohol dependence (ALC).
A LCOHOL USE DISORDER is a chronically relapsing disorder affecting 11.3 million Americans aged 26 or older (Center for Behavioral Health Statistics and Quality, 2016) . It represents one of the leading preventable causes for morbidity and mortality in the United States (Kochanek et al., 2016) . The underlying etiology is complex with environmental and genetic factors playing a role (Tawa et al., 2016) . Cognitive functioning including decision making is often negatively affected by alcohol use disorder. Reward processing, specifically reward/loss anticipation, has been proposed to play a key role in adaptive decision making because it occurs immediately before a decision is made, thus exerting crucial influence on the evaluation of different options and their respective consequences. Brain regions involved in reward processing include the ventral striatum, in particular the nucleus accumbens (NAc; Carter et al., 2009) , which has been shown to be activated during the anticipation of rewards and losses in the monetary incentive delay (MID) task (Balodis and Potenza, 2015; Knutson et al., 2000) . However, there is substantial variability between individuals and the underlying neurobiological mechanisms remain unknown.
Alcohol's reinforcing effects are mediated in part by dopaminergic mesolimbic reward pathways, more specifically, by increased dopamine release in the NAc . As striatal dopamine signaling is directly influenced by dopamine transporter (DAT) availability (Shen et al., 2004; e.g., Giros et al., 1996; Heinz et al., 1999) , it has been hypothesized that genetic variation in the gene encoding the DAT (DAT1/SLC6A3) contributes to differences in reward processing (Dreher et al., 2009; Hahn et al., 2011; Lohoff et al., 2010) . While several studies have indeed found associations of SLC6A3 variation with various alcohol use disorder phenotypes and endophenotypes (Gorwood et al., 2003; Le Strat et al., 2008; Ma et al., 2016; Ray et al., 2014; Wernicke et al., 2002) , other studies were unable to replicate results (e.g., Du et al., 2011; Kohnke et al., 2005; Xu and Lin, 2011) . Genetic variation is one important factor influencing interindividual differences in reward processing; however, it is likely that other mechanisms affecting DAT expression or function may also contribute. Epigenetic mechanisms, such as DNA methylation, histone modification, or chromatin restructuring, can dynamically regulate gene expression in response to environmental influences, such as alcohol use. Preclinical evidence indicates that increased DAT gene methylation is associated with reduced DAT expression in the rodent striatum (Kim et al., 2014) . As DNA methylation has generally been shown to be inversely associated with protein expression, these data are in line with previous findings that chronic alcohol use causes a reduction in striatal DAT expression (Heinz et al., 2000 (Heinz et al., , 2004 .
Only a small number of studies to date have investigated how epigenetic regulation of the DAT gene may be associated with alcohol use in humans. Lee and colleagues (2015) found decreased SLC6A3 promoter methylation in babies of binge-drinking fathers, as well as an association between the level of alcohol consumption in socially drinking parents and decreased SLC6A3 methylation. Nieratschker and colleagues (2014) and Jasiewicz and colleagues (2015) found no difference in promoter methylation levels between patients with alcohol dependence (ALC) and healthy controls (HC). However, Nieratschker and colleagues (2014) demonstrated a significant positive association of SLC6A3 promoter methylation with age in the alcohol-dependent but not in the control group. In contrast, 2 other studies found a significant elevation of SLC6A3 promoter methylation in the ALC compared to the HC group, which was associated with alcohol craving (Hillemacher et al., 2009; Wiers et al., 2015) .
To improve our understanding of underlying neurobiological mechanisms in reward processing in individuals with alcohol use disorders, we investigated how epigenetic variation in SLC6A3 may contribute to individual differences in brain reward circuitry as assessed by neuronal activation in the NAc during the MID task, which has been shown to be sensitive to the effects of ALC (Beck et al., 2009; Murphy et al., 2017; Van Holst et al., 2014; Wrase et al., 2007) . We hypothesized that methylomic variation in functional regions of SLC6A3 would affect striatal DAT expression, which would in turn contribute to differences in brain reward circuitry between individuals with ALC and HC.
MATERIALS AND METHODS

Participants
For this study, a total of 90 (45 ALC and 45 HC) right-handed individuals were recruited to the National Institute on Alcohol Abuse and Alcoholism from the Washington, DC metropolitan area between July 2014 and September 2016 using newspaper (e.g., Express) and web-based (e.g., Craigslist) advertisements. The mean age of study participants was 39.78 (SD = 11.33) and 46.7% of participants identified as Black/African American, 36.7% identified as White, 6.7% identified as Asian, 4.4% identified as multiracial, and 5.6% chose not to respond. Participant characteristics are displayed in Table 1 . All participants provided written informed consent, which complied with the Declaration of Helsinki, and was approved by the Institutional Review Board of the NIH/National Institute on Alcohol Abuse and Alcoholism. Participants were administered the Structured Clinical Interview for DSM-IV-TR Axis I Disorders (SCID; First et al., 1996) . Participants were excluded from study participation if they were left-handed, pregnant, reported claustrophobia, or presented with significant neurological or medical diagnoses. Control subjects were excluded from study participation if they met DSM-IV-TR criteria for any current or past ALC and if they presented with a positive urine drug screen or alcohol breathalyzer on the day of the scan. Among the HC group, 7 individuals met DSM-IV-TR criteria for past (but not current) alcohol abuse and none of them were alcohol abstainers. All participants were free from any psychotropic medications on the day of the scan. All participants completed a modified version of the original MID task (Knutson et al., 2000) in which all subjects were successful in approximately 70% of the trials. The subjects also provided DNA samples for methylation assessments.
Experimental Paradigm
The experimental task was a modification of the MID task (Knutson et al., 2000) , where participants were required to respond by pressing a button in order to win a monetary reward or to avoid losing it. Each trial started with a fixation crosshair, followed by a cue shape for 2 seconds, which indicated the trial type (Reward, Loss, or Neutral) . A jittered delay of 0.75 to 1.75 seconds between the cue and the target box appeared. Then, a feedback was presented after 0.75 to 3 seconds following the target box. This feedback showed the amount lost or won in the trial, as well as the total amount accumulated up to that point. Five conditions were presented: neutral (no reward/no loss), low loss, high loss, low reward, and high reward. Participants had an average of a 10-minute session, viewing 30 trials of each condition. Participants were informed that any reward or loss would be added or subtracted from their final payment. Low reward/loss trials were signaled by a single line in the cue shape. High reward/loss trials were signaled by 3 lines in the cue shape. Participants played a practice round outside of the scanner to familiarize themselves with the task. The task was projected onto a screen behind the scanner, which was viewable by a mirror attached to the head coil.
Magnetic Resonance Imaging Data Acquisition and Preprocessing
Structural (MPRGE) and functional data were acquired using a Siemens 3T Skyra scanner (Siemens Medical Solutions USA, Inc., Malvern, PA). Whole-brain functional data were collected with echo-planar imaging sequence (36 axial slices, 3.8 9 3.8 9 3.8 mm, 64 9 64 matrix and TR = 2,000 ms; TE = 30 ms, Flip Angle = 90). We preprocessed and analyzed the magnetic resonance imaging (MRI) data using AFNI software package (Cox, 1996) . Large transients were removed through interpolation (AFNI's 3dDespike). Volumes were then slice-time corrected. All nuisance time series were de-trended. Nuisance variables for each voxel included the 6-parameter estimates for head motion. Motion higher than 0.3 mm was censored out, and if a participant had censored more than 20% of a condition (regressor) of interest, that participant was excluded from the analysis. No subjects were excluded for head motion. The functional echo-planar images were then coregistered to the anatomical scan, resampled to 2-mm isotropic voxels, smoothed with an isometric 4-mm full-width half-maximum Gaussian kernel, normalized by the mean signal intensity in each voxel to reflect percent-signal change, and transformed into the standardized Talairach and Tournoux (1988) volume for the purposes of group analyses.
Blood-Oxygen-Level Dependent Functional MRI Data Analysis
Single-subject level analysis on blood-oxygen-level dependent (BOLD) responses was performed using the following experimental conditions: neutral (no reward/no loss), low loss, high loss, low reward, and high reward.
Region of Interest Analyses
The region of interest (ROI) mask of the bilateral NAc (MNI coordinates left: À12, 8, À8; right: 12, 8, À8) was generated with the AFNI atlas using the DrawDataset plugins. To follow previously published literature and subtracting all nuisance effects (such as premotor activations), except reward/loss response, we then computed average percent-signal change (beta weights) of the following comparisons under NAc ROI: high reward > neutral, low reward > neutral, high loss > neutral, low loss > neutral. For simplification purposes, we refer to these as high reward, low reward, high loss, and low loss, respectively.
DNA Extraction and Methylation Analysis
Genomic DNA was extracted from participants' blood samples. DNA methylation levels of 5 functional regions across SLC6A3 were assessed using quantitative bisulfite pyrosequencing by EpigenDx (Hopkinton, MA) following EpigenDx protocol. Briefly, EZ DNA methylation kits (Zymo Research, Inc., Irvine, CA) were used to treat 500 ng of genomic DNA for each analysis and the manufacturer's protocol was followed for DNA purification eluting samples to 46 lL. One microliter of bisulfite treated DNA was combined with 0.2 lM of each primer for the polymerase chain reaction (PCR). One of the primers was labeled with biotin and purified with high-performance liquid chromatography for the purpose of purifying the final PCR product with Sepharose beads. Next, the PCR product was bound to Streptavidin Sepharose HP (GE Healthcare Bio-Sciences, Marlborough, MA) and the now immobilized PCR products were purified, washed, denatured with a 0.2 lM NaOH solution. Following the manufacturer's protocol, the Pyrosequencing Vacuum Prep Tool (Pyrosequencing; Qiagen, Gaithersburg, MD) was used for rewashing, 0.5 lM of sequencing primer was then annealed to the purified single stranded PCR products, and 10 lL of the PCR product was sequenced on the PSQ96 HS System (Pyrosequencing).
QCpG software (Pyrosequencing) was used to assess methylation at each CpG site as an artificial C/T single nucleotide polymorphism. The percentage of methylated alleles was divided by the total number of alleles (methylated and unmethylated) to determine the level of methylation at each CpG site. Regional methylation was calculated by taking the average of all CpG site methylation levels measured within each region. To ensure quality control, each experiment had non-CpG cytosines serving as internal controls to ensure complete bisulfite conversion of the input DNA. Furthermore, low, medium, and high methylated DNA was included as controls in each run. Finally, EpigenDx performed PCR bias testing by combining unmethylated control DNA with in vitro methylated DNA following different ratios (0, 5, 10, 25, 50, 75, 100%) and conducting bisulfite modification, PCR, and Pyrosequencing analysis.
The SLC6A3 assays analyzed 48 CpG dinucleotides across the gene ranging from À886 to 50,969 base pairs from the transcription start site (TSS), based on Ensembl Transcript ID ENST000 00270349. Table S1 provides more details on the location of the CpG sites, including their genomic location and position relative to the TSS. Table S2 provides more information on the methylation assays.
Statistical Analysis
Data analyses were conducted in a personal computer-based software package (IBM SPSS Statistics Ò 20; IBM Corp., Armonk, NY).
One-way analyses of covariance (ANCOVAs) were performed to examine differences in SLC6A3 cluster methylation, defined as the average percentage of methylated cytosines from all assessed CpG sites in a functional cluster, between the ALC and HC groups controlling for age and gender, as previous research has reported an association between age and DNA methylation (Jung and Pfeifer, 2015; Nieratschker et al., 2014) , as well as between gender and methylation (El-Maarri et al., 2007) . t-Tests and chi-square tests were used to examine baseline differences between the 2 groups on all demographic variables. One-way ANCOVAs were performed to examine differences in NAc BOLD responses between the ALC and HC groups while controlling for age and gender.
The primary dependent measure was NAc activation as measured by BOLD functional MRI (fMRI) in the NAc. All BOLD fMRI outcomes were normally distributed as examined by KolmogorovSmirnov test. For the main analysis, hierarchical linear regression models were employed to examine associations between the percentage of methylation of functional regions of SLC6A3 and NAc BOLD responses during anticipation of high and low rewards and losses in both groups while controlling for age and gender. Next, analyses were run for the single CpG sites of the cluster that was significantly associated with NAc outcomes. Between-group differences in regression slopes for the ALC and HC groups were tested by adding interaction terms (group 9 SLC6A3 cluster/CpG site) into the regression models. Statistical significance was set at p < 0.05 (2-tailed).
RESULTS
DAT DNA Methylation Between Cases and Controls
ANCOVAs showed no significant differences between the ALC and HC groups on cluster methylation when controlling for age and gender (see Table 2 ).
MID Task
All MID task BOLD responses were normally distributed as examined by Kolmogorov-Smirnov tests (all ps > 0.165). ANCOVAs were conducted to examine differences in MID task BOLD activation in the NAc between cases and controls while controlling for age and gender (see Table 2 ). Analyses showed that there was a significant difference between cases and controls in BOLD responses in the NAc during anticipation of high, F(1, 86) = 7.744, p = 0.007, g Table 2 ). Table 3 displays detailed results from hierarchical linear regression analyses examining the association between methylation of functional SLC6A3 clusters and NAc BOLD responses while controlling for effects of age and gender. The main result was that methylation in Cluster A significantly predicted BOLD response during the anticipation of high loss (b = À0.33, p = 0.028) in the HC but not the ALC group (p = 0.471). This between-group difference was statistically significant (p = 0.031) with a decrease in methylation of the promoter region of SLC6A3 (Cluster A) predicting greater high loss anticipation-related activity in the NAc in HC but not in ALC individuals (see Fig. 1 ). Furthermore, NAc activation during anticipation of low loss was predicted by Cluster A at trend-level in the HC (b = À0.31, p = 0.057) but not the ALC group (p = 0.205). Between-group analyses demonstrated that this difference was significant (p = 0.015).
MID Task Activation and Effects of SLC6A3 Methylation
Exploratory follow-up analyses were run to examine which of the CpG sites included in Cluster A were driving the observed effect on NAc BOLD responsiveness. Table 4 provides detailed results from regression models predicting NAc activation during high and low loss anticipation for each of the identified CpG sites of Cluster A (promoter region). Mainly, these analyses showed that the first 2 CpG sites in the promoter of SLC6A3, located À1,001 (CpG site 242) and À993 (CpG site 241) base pairs from the TSS, predicted high and low loss anticipation-related NAc activation in the HC but not the ALC group. Between-group analyses revealed that this difference was statistically significant for CpG site 242 in both the high (p = 0.003) and low (p = 0.001) loss condition. Similarly, the between-group difference was significant for CpG site 241 in the high (p = 0.038) and low (p = 0.020) loss condition.
Regional SLC6A3 methylation was not associated with BOLD responses in the NAc during anticipation of high (all ps > 0.137) and low (all ps > 0.123) reward in the HC and ALC group (see Table 3 ).
Promoter Methylation and Age
Cluster A (r = 0.27, p = 0.009) and Cluster B (r = 0.31, p = 0.003) methylation was significantly correlated with age, which is in line with a previous report (Nieratschker et al., 2014) . Separate analyses showed that this association was driven by ALC patients (Cluster A: r = 0.36, p = 0.016; Cluster B: r = 0.34, p = 0.024).
DISCUSSION
The present study investigated how epigenetic variation in the gene coding for the DAT may contribute to individual differences in neural reward circuitry in alcohol-dependent and healthy individuals. Our main finding suggests that decreased methylation of the promoter region of SLC6A3 predicts NAc activation during the anticipation of monetary loss in a group of 45 healthy volunteers. The effects of promoter methylation were significant for both high and low loss anticipation, and were driven by the first 2 CpG sites we assessed in the promoter of SLC6A3, located À1,001 and À993 base pairs from the TSS. In a group of ALC patients, however, these associations were not present, even when effects of age and gender were controlled for. There were no group differences in DAT methylation, but ALC patients had stronger NAc activations than controls during both anticipation of losses and rewards on the MID task (all ps < 0.05). Our findings hence suggest promoter methylation of SLC6A3 as a biomarker for striatal activation during MID task performance in healthy volunteers, and a disruption of this system in ALC patients. That is, DAT promoter methylation has been associated with DAT expression in a preclinical study (Kim et al., 2014) , and DAT availability has been shown to influence dopamine signaling (Giros et al., 1996; Heinz et al., 1999; Shen et al., 2004) , which is important for striatal activation during anticipation of rewards and losses (Balodis and Potenza, 2015; Knutson et al., 2000) . To the best of our knowledge, the present study is the first to report an association between SLC6A3 methylation and striatal activation during reward processing. The DAT plays a key role in dopamine-mediated reward processing as it regulates the duration and intensity of dopamine signaling in the striatum. Different genetic variants, most notably the variable number tandem repeat polymorphism in the 3 0 region of SLC6A3, have been found to be associated with striatal DAT expression; however, findings have been mixed. Jacobsen and colleagues (2000) found decreased DAT density in individuals with the 10/10 repeat genotype; other studies found an increase in DAT availability in the 10/10 repeat genotype (Fuke et al., 2001; Heinz et al., 2000) , and 2 other studies found no significant association between genotype and DAT expression (Greenwood and Kelsoe, 2003; Martinez et al., 2001 ). These discrepant results could be explained by gene-environment interactions. Epigenetic mechanisms dynamically regulate gene expression in response to environmental influences, such as stress or drug and alcohol use. Our study thus expands on previous genetic studies, as epigenetic markers may provide more dynamic insight into gene-environment interaction effects on brain function. In a recent imaging epigenetics study, DNA methylation of a promoter region was shown to alter gene expression and predict brain function as assessed by BOLD fMRI independent of genotype, indicating the potential of exploring epigenetic mechanisms for individual differences in clinically relevant phenotypes (Nikolova et al., 2014) .
While research on the epigenetic regulation of the human SLC6A3 gene is still limited, a preclinical study has linked differences in DAT gene promoter methylation with decreased striatal DAT expression in the offspring of mice that have been exposed to chronic alcohol treatment DAT1/SLC6A3 METHYLATION AND ALCOHOLcomparable to binge drinking in humans (Kim et al., 2014) . Consistent with Kim and colleagues' (2014) proposal that chronic alcohol exposure may lead to changes in the epigenetic methylation signature of the DAT gene, the present study provides further support for the relevance of SLC6A3 promoter methylation for dopamine signaling in the striatum. Interestingly, while Kim and colleagues (2014) found an increase in SLC6A3 promoter methylation to be associated with a reduction in striatal DAT expression in rodents, the present study found a decrease in promoter methylation to predict NAc reactivity during loss anticipation in HC. However, Kim and colleagues (2014) did not specify what part of the striatum they examined. DAT expression likely varies between the dorsal and ventral striatum, and previous research has shown differences in DAT expression within the NAc (i.e., core vs. shell; Nirenberg et al., 1997) . Given the clinical relevance of dopaminergic neurotransmission in the striatum, this warrants further investigation.
The mechanisms underlying epigenetic regulation are complex and likely vary across genes. Both hyper-and hypomethylation have been shown to lead to changes in gene expression (Lopez-Serra et al., 2006; Nestler, 2014) . Therefore, our main findings can be interpreted in different ways. It should be noted that the following interpretations are speculative in nature as spatial resolution in fMRI does not provide differentiation between NAc core and shell, and, furthermore, fMRI BOLD signal merely reflects blood oxygenation in response to neuronal population activity without information on the type of neurotransmitter involved. With this limitation in mind, 2 different explanations appear to be plausible.
First, our data may indicate that SLC6A3 hypomethylation results in lower DAT transcription and expression in the striatum, which may in turn protract dopamine re-uptake and cause increased responsiveness in the NAc. However, a substantial body of evidence indicates that hypermethylation leads to a decrease in gene transcription and expression (Nestler, 2014) . Moreover, previous research proposes 2 ventral striatal pathways that modulate reward-related motivation: one initiates behavioral responses, while the other inhibits them (Frank, 2005) . The direct striatonigral pathway consists of medium spiny neurons (MSNs) expressing low- affinity dopamine D1 receptors that are activated by phasic increases in DA levels, while the striatopallidal MSNs express higher affinity dopamine D2 receptors that are activated by temporary reductions in tonic DA levels (Bromberg-Martin et al., 2010; Frank, 2005; Volkow and Morales, 2015) . Studies have demonstrated that stimulation of the direct pathway mediates reward/approach behavior, while inhibition of the indirect pathway mediates the avoidance of aversive stimuli (Frank, 2005; Hikida et al., 2010; Kravitz and Kreitzer, 2012) . Therefore, an alternative interpretation of our finding may be that the prediction of a future loss may lead to a reduction in dopamine neuron activity. This decrease in activity would lead to a suppression of tonic dopamine that would disinhibit the indirect striatal pathway causing an increase in activity in this pathway. Consistent with this interpretation, our data show that decreased methylation is associated with greater NAc activation during the anticipation of monetary losses in HC, likely because of greater DAT expression in the NAc that more effectively reuptakes dopamine, thus disinhibiting the indirect pathway, which may be reflected in the observed increase in NAc activation. However, this effect was not present in individuals with ALC, which may contribute to impairments in avoidance-based learning often observed in this population. Finally, an alternative explanation may be that an existing relationship between SLC6A3 promoter methylation and NAc reactivity was not detected in the ALC group. This may have been due to technical limitations of BOLD responses in fMRI. As mentioned above, the spatial resolution of BOLD signals with respect to substructures of the striatum is poor and the signal-to-noise ratio is low, which restricts interpretations regarding mechanisms of epigenetic factors involved in group differences in BOLD responses. Therefore, our findings indicate that future neuroimaging studies are needed to further elucidate the relationship between SLC6A3 methylation and NAc activation in ALC populations.
The observed decorrelation of SLC6A3 and NAc activation in individuals with ALC compared to controls is interesting as it provides further evidence for the notion that epigenetic regulation differs between healthy individuals and those with substance use disorders and may contribute significantly to addiction phenotypes (Nestler, 2014) . Our finding could be interpreted as a disruption of the epigenetic regulation of DAT expression in individuals with chronic alcohol use, which may contribute to previously reported differences in sensitivity to reward and punishment in ALC populations (for a review, see Balodis and Potenza, 2015) . It is possible that chronic alcohol consumption is the cause for this disruption or, alternatively, that the disruption predisposes individuals to the development of ALC. However, epigenetic regulation of gene expression is complex, such that multiple factors besides alcohol consumption, including smoking, stress, and comorbid psychopathology, affect methylation, all of which may contribute to the decorrelation of methylation status and NAc activation in individuals with ALC compared to controls. Given the correlational nature of our data, it is not possible to draw conclusions about the direction of this relationship.
While the present study's finding supports the functional relevance of epigenetic variation in the DAT gene for neuronal phenotypes, another imaging epigenetics study failed to show an association between SLC6A3 methylation and NAc reactivity in ALC during an alcohol cue reactivity task, possibly due to a lack of power (Wiers et al., 2015) . Future research is needed to further elucidate the relationship between SLC6A3 methylation and NAc activation in alcohol-dependent and healthy populations. ALC, alcohol-dependent group; HC, healthy control group. Boldface indicates significant differences between ALC and HC groups as indicated by a significant interaction between group and CpG methylation in linear regression model (alpha set at p < 0.05).
Another important finding of the present study is that SLC6A3 promoter methylation was positively correlated with age, which replicates findings from a prior study (Nieratschker et al., 2014) . These findings are consistent with genomewide studies that have shown CpG island methylation to increase with age (Hernandez et al., 2011) . The positive association with age was driven by the ALC group, which further replicates findings by Nieratschker and colleagues (2014) . While these data are correlational and do not allow for any conclusions about cause and effect, they suggest that agerelated alterations in methylation may be enhanced by chronic alcohol use.
To date, research on the role of epigenetic regulation of the DAT in ALCs has produced mixed results; however, it should be noted that study designs varied widely from an imaging epigenetics approach (Wiers et al., 2015) to casecontrol comparisons in clinical studies without imaging components (Hillemacher et al., 2009; Jasiewicz et al., 2015; Nieratschker et al., 2014) . Two studies found methylation in the promoter region of SLC6A3 to be significantly higher in alcohol-dependent compared to healthy individuals (Hillemacher et al., 2009; Wiers et al., 2015) . In contrast, the present study found no significant difference in SLC6A3 methylation levels between groups which is in accordance with 2 prior studies (Jasiewicz et al., 2015; Nieratschker et al., 2014) . This may be explained by differences in methodology (i.e., study design, methylation quantification, data analytic strategies) or a lack of power. Future studies with larger sample sizes are needed for clarification. Furthermore, Wiers and colleagues (2015) found a positive association between SLC6A3 promoter methylation and craving while Hillemacher and colleagues (2009) found a negative association. While these discrepant results may be explained by differences in methodology and outcome measures, an alternative explanation might be the timing of the assessments. Hillemacher and colleagues (2009) obtained blood samples and craving assessments immediately upon admission to an inpatient detoxification treatment, while Wiers and colleagues (2015) studied recently detoxified individuals with abstinence averaging 57 and 39 days in their 2 alcoholdependent groups. These studies' findings are in line with evidence of fluctuations in DAT availability during alcohol use, withdrawal, and abstinence (e.g., Laine et al., 1999) and underline the importance of careful characterization of study samples and assessment timelines, as well as the need for longitudinal investigations of gene methylation in alcoholdependent populations.
There are some limitations that should be noted for the interpretation of the present study's findings. Cases and controls were not matched exactly for age and gender. Despite significant efforts to target and recruit young adults with ALC to conduct meaningful case-control comparisons, the average age of the ALC group remained higher than that of the control group. Therefore, all main analyses corrected for possible confounding effects of age, as well as gender. Additionally, while all participants were free from psychoactive medications on the day of the scan, medication history of participants was unknown and should be considered as a possible confound for the outcome. As the instructions of the MID task stated that task performance would influence participants' final payment, it is possible that differences in motivation due to differences in socioeconomic status may have affected the outcome. However, comparisons between cases and controls showed that income distributions were equal (v 2 (8, 90) = 10.36, p = 0.241). Therefore, it is unlikely that socioeconomic status confounded our results. While there were no smokers in the control group, approximately 56% of the ALC group were smokers, which is common in patients addicted to alcohol (Li et al., 2007) . Nevertheless, the group differences in smoking may have influenced our results. That is, similarly to alcohol, smoking a cigarette increases dopamine release in the midbrain (Brody et al., 2004) , and chronic smoking leads to disruptions in the dopaminergic system including lower striatal dopamine D2 receptor availability (e.g., Albrecht et al., 2013; Wiers et al., 2017) and neural responses to the MID task (e.g., Fedota et al., 2015; Nestor et al., 2016) . Whether smoking also influences SLC6A3 methylation, however, remains unknown. Our analyses showed no statistically significant differences between smokers and nonsmokers on any of the methylation or imaging outcomes, neither within the ALC group nor when the HC nonsmokers were included. Future studies are necessary to disentangle the effects of smoking on SLC6A3 methylation and its association with neural responses to the MID task in alcoholism. Further, as DAT gene methylation status in rats was shown to be influenced by binge drinking of parents (Kim et al., 2014) , the question remains whether our results were influenced by family history of alcoholism. In our sample, family density score (i.e., the proportion of first-and second-degree relatives identified as having received treatment for a drinking problem or as having experienced several negative consequences of their drinking), as assessed by the Family Tree Questionnaire (Mann et al., 1985) , was significantly greater in ALC (M = 0.143, SD = 0.164) than in HC (M = 0.033, SD = 0.067), p < 0.001. However, family density score did not correlate with methylation in Cluster A or in the 3 relevant CpG sites, neither in the whole sample nor in the separate groups (all ps > 0.05). Future studies may explore associations between DAT methylation and parental drinking patterns; ideally with a 2 (ALC diagnosis) 9 2 (binge-drinking parent) factorial design. Given the exploratory nature of the analyses due to the fact that the literature on imaging epigenetics studies on the DAT is limited (only 1 study published so far; Wiers et al., 2015) , alpha levels were not adjusted for multiple comparisons. Furthermore, as it is not possible to measure methylation directly in the brain of living participants, DNA extracted from peripheral blood was used for methylation assessments. While there is growing evidence for the relevance of peripheral methylation in providing information about brain function in clinical populations (Frodl et al., 2015; Nikolova et al., 2014; Wiers et al., 2015) , future research comparing peripheral methylation with striatal DAT mRNA to clarify whether peripheral methylation mimics methylation in the brain is recommended. Future investigations may employ longitudinal designs to further elucidate the temporal relationship between SLC6A3 methylation, striatal DAT expression, and striatal fMRI BOLD response differences between individuals with and without alcohol use disorder. Finally, it has been proposed that sample sizes > 62 should afford sufficient statistical power to detect the effect of genetic variation on neuroimaging outcomes (Mier et al., 2010; Munaf o et al., 2008) and a prior imaging epigenetic study of the SLC6A3 gene has revealed associations at a sample size of 55 (Wiers et al., 2015) ; therefore, it may be concluded that the present study was adequately powered.
In summary, the present study provides evidence that peripheral SLC6A3 promoter methylation predicts NAc activation during the anticipation of high and low loss in healthy control but not alcohol-dependent individuals. The epigenetic regulating effect observed in the healthy control group may hence be disrupted after chronic alcohol use. These findings add to a growing body of literature indicating that epigenetic variation may be one of the mechanisms by which chronic alcohol exposure modulates striatal neurocircuitry and thus reward processing. Finally, these findings support the relevance of epigenetic variance in the periphery as biomarkers of neuronal phenotypes.
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